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Brazilian free-tailed bats (Tadarida brasiliensis) form extremely large colonies in caves within 
and around an agricultural area called the Winter Garden region in south-central Texas.  These 
bats forage nightly and consume massive amounts of insects, including Helicoverpa zea, a 
noctuid moth responsible for over a billion dollars of annual losses and costs for control each 
year in the US.  This study analyzed bat activity, in correspondence with its prey, across a 
regional spatial scale within the Winter Garden to understand the factors determining bat 
activity.  Using Anabat II bat detectors, nightly bat activity was surveyed across the landscape 
from March to December of 2007.  In addition, landscape cover data, nightly insect abundances 
and climatic data were collected. Though analysis shows no overall correlation between 
increases in bat activity and peaks in moth abundance, there appears to be a temporal 
relationship between bat activity and moth numbers during the time of highest moth abundance.  
In weeks when moth counts are higher, there is a trend towards an increase in bat activity.  
Spatial analysis shows a significant positive relationship between relative bat activity and 
sorghum during the early summer months, as well as a significant positive relationship between 
bat activity and natural habitat type during late summer months, corresponding to periods of 
peak bat activity.  During the late summer period, sites with a higher proportion of natural habitat 
had higher bat activity than did sites with more agricultural land.  Numbers of Brazilian free-
tailed bats have been consistently and continuously declining, and these data indicate the 
importance of maintenance and restoration of natural areas within and around the Winter 
Garden agricultural region. 
vi 
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 With habitat loss currently being one of the greatest threats to biodiversity, the 
transformation of foraging habitat of bats may seriously affect insectivorous bat populations by 
altering prey insect biomass, diversity, and distribution.  The Brazilian free-tailed bat (Tadarida 
brasiliensis) is an insectivorous migratory bat that provides an important biocontrol service in 
agricultural regions in the southwestern United States (Cleveland et al. 2006; Federico et al. 
2008).  Though several studies have examined the ecological and economic importance of this 
bat, none have yet examined the effects of disturbed and fragmented agricultural habitat on the 
activity of Brazilian free-tailed bat populations.  Therefore, in regions where large proportions of 
habitat have been converted for agricultural purposes, the presence of natural habitat could be 
vital for foraging bat populations.   
 
Brazilian free-tailed bats in agricultural Texas 
 
The Brazilian free-tailed bat (Tadarida brasiliensis) is a widespread species ranging from 
lower South America to the central United States (Wilkins 1989).  These bats form some of the 
largest aggregations of any mammal (McCracken 2003) and provide important ecosystem 
services for crops in the United States and Mexico (Cleveland et al. 2006; Federico et al. 2008).  
Large populations of this bat species over-winter in southern and central Mexico and migrate 
north in the spring to form large maternal breeding colonies in northern Mexico and the 
southwestern United States (Constantine 1967; Davis et al. 1962).  It is estimated that 100 
million Brazilian free-tailed bats form summer colonies in caves and bridges in and around the 
agricultural Winter Garden region in south central Texas (McCracken 1986, 2003).  
These bats forage nightly, and consume enormous amounts of insects in Texas from 
March through October.  As larvae, noctuid moths, one of the main food items of the free-tailed 
bat, are among the world‟s most destructive agricultural pests, attacking a wide range of food 
and fiber crops.  A number of dietary studies show that the moth (Lepidoptera: Noctuidae) is 
one of the Brazilian free-tailed bat‟s main food items, when they are available (Kunz et al. 1995; 
Lee & McCracken 2002, 2005; McCracken et al. 2005; McWilliams 2005).  Specifically, 
Helicoverpa zea, known as the corn earworm, cotton bollworm, sorghum headworm, etc. is one 
of two species of moths responsible for over $1.5 billion in annual losses in the United States 
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from crop damage and costs of pest control (King & Rogers 1986), and has been identified 
through species-level fecal DNA analysis as a prominent component of these bats‟ diet 
(McCracken et al. 2005).  Corn, cotton, and sorghum, are crops of major importance in the 
Winter Garden region, and are among the many host plants of H.zea (J.K. Westbrook, personal 
communication).  The estimated 100 million Brazilian free-tailed bats that inhabit south central 
Texas during the bats‟ breeding season consume an estimated 1000 tons of insects every night 
to meet their energetic requirements (Kunz et al. 1995).  More specifically, lactating females 
ingest up to two-thirds of their body weight each night (Kunz et al. 1995).  And, although it is not 
certain what fraction of the Brazilian free-tailed bat diet is made up of H.zea moths, dietary 
analysis shows a two to three-fold increase in moth consumption during peak H.zea availability 
(Lee & McCracken 2005).   
It is estimated that in the Winter Garden agricultural region, a single bat will eat about 
1.5 female moths each night that would otherwise have laid eggs on a host plant (Cleveland et 
al. 2006).  A recent study estimated that the economic value of the pest control service provided 
by Brazilian free-tailed bats (in the area for cotton alone), is $741,000 per year (Cleveland et al. 
2006).  Cleveland et al. (2006) estimated that five million moth larvae are impeded per night and 
that this results in one to two fewer pesticide applications per year due to pest control provided 
by Brazilian free-tailed bats.  And by consuming pesticide-resistant prey, Brazilian free-tailed bat 
predation of these pests may enhance the economic value of agricultural systems by delaying 
the ultimate need for new pesticides (Federico et al. 2008).  The heavy densities of H.zea moths 
coupled with the high energetic needs of these bats suggests that a strong correlation may exist 
between the relative abundances of Brazilian free-tailed bats and H.zea moths over the 
landscape.   
Over the past fifty years, significant declines in Brazilian free-tailed bats have been 
documented (Clark 2001; Geluso et al. 1976; McCracken 1986; O'Shea & Vaughan 1999; Thies 
& Thies 1997).  The Brazilian free-tailed bat‟s key role as a natural pest control agent, in 
addition to the significant declines documented for its populations in the past fifty years, 
supports the classification of the Brazilian free-tailed bat as a flagship species for bat 
conservation.  Given the Brazilian free-tailed bat‟s tendency to live in extremely large communal 
colonies, often in regions of heavy anthropogenic impact, there is an ever-present hazard of 
mass population loss.  In the last fifty years, the numbers of Brazilian free-tailed bats in six 
major cave colonies in the southwestern US dropped from an estimated 54 million bats in 1957 
to four million in 2008 (Betke et al. 2008).   Betke et al. (2008) used thermal imaging technology 
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to perform the latter census.  Though the earlier estimates were likely inflated due to the use of 
human visual observations, the dramatic differences between the two censuses suggest a clear 
decline in Brazilian free-tailed bat populations.   
While studies suggest that the conservation of Brazilian free-tailed bats in this region is 
desirable on the grounds of economic cost-benefit alone (Cleveland et al. 2006), the loss of 
natural pest control services provided by these bats could have major consequences on the 
economy, environment, and even human health (Daily 1997).  The conservation and 
sustainability of the Brazilian free-tailed bat is important for pest control management both on a 
local scale as well as on a regional and continental scale to reduce the impact of H.zea 
throughout corn and cotton belts in the United States (Federico et al. 2008).  My goal in this 
study is to determine the spatial patterns of nightly bat foraging activities across the agricultural 
landscape.  By assessing the effects of land-use on Brazilian free-tailed bats, I examine how 
prey availability and landscape cover affect Brazilian free-tailed bat activity across an 
agricultural landscape to better understand the bats‟ ecological and economic roles in the 
region.   
 
Habitat loss and agriculture 
 
Habitat loss is the greatest threat to biodiversity, and land conversion for agricultural 
purposes is a leading cause of habitat destruction threatening vertebrates in general, and 
mammals in particular (Wilcove et al. 1998). Habitat loss through land alteration to agriculture 
could seriously impact Brazilian free-tailed bat populations in the Winter Garden agricultural 
region.  Throughout Europe, the degradation of farmland associated with intensive agricultural 
practices threatens bats (Limpens & Kapteyn 1991; Stebbings 1988).  By creating a simplified 
landscape, conversion to agriculture can negatively affect prey availability for bats by creating a 
homogenous environment resulting in loss of prey biodiversity (Benton et al. 2003; Krebs et al. 
1999; Tsitsilas et al. 2006).  Starting in the early 1900‟s, vast tracks of land in the Winter Garden 
region of Texas were converted for agricultural purposes, drastically altering the landscape.  
Historically, the region was dominated by brushy vegetation and grasses.  Now, the terrain is 
dominated by corn, cotton, and sorghum fields, interspersed with brushy natural habitats.  In 
addition to habitat loss, the conversion of land for conventional agricultural purposes is 
accompanied by an increase in pesticides and herbicides in the environment.   
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Exposure to pesticides has been associated with high mortality in bat species (Clark 
2001; Cockrum 1970; Geluso et al. 1976).  A cross-placental transfer of organochlorine 
pesticides in Brazilian free-tailed bats results in accumulation and high levels of pesticides in the 
pups‟ brains (Thies & McBee 1994; Thies et al. 1996; Thies & Thies 1997).  Although the use of 
organochlorine pesticides has been banned in the US, recent years have seen the development 
and increase in use of genetically modified Bacillus thuringiensis (Bt) crops, which have caused 
a significant decline in moths – one of the bats‟ main prey items (James 2006).  The United 
States has adopted the use of agricultural biotechnology and is the world‟s leader in the planting 
these crops (James 2006).  The presence of healthy Brazilian free-tailed bat populations likely 
results in the consumption of Bt-resistant moths that could have long-term economic benefits for 
crop-producers throughout the continental range of H.zea by retarding the development of a Bt-
resistant moth population (Federico et al. 2008).   
The destruction of natural habitat has a negative impact on most species of 
insectivorous bats, and large areas of natural vegetation are needed to maintain bat diversity 
(Avila-Flores & Fenton 2005).  Although the availability of natural habitat in the Winter Garden 
region has decreased in the past 100 years, remaining areas of natural habitat could be 
significant to foraging Brazilian free-tailed bats by providing alternative prey sources in times of 
decreased moth availability.  Although moths are an important prey item for these bats, the 
Brazilian free-tailed bats‟ diets vary greatly throughout the season due to fluctuations in the 
availability of moths and other insects in the region (McWilliams 2005).  Lee and McCracken 
(2002) showed that a decline in relative insect abundance in croplands was positively correlated 
with an increase in foraging bat activity over ranch land.  Preserving intact natural habitats in 
and around agricultural regions maximizes landscape complexity that could help stabilize, or 
even increase, the bats‟ presence and the services they provide to the region (Russo & Jones 
2003).   
 
Foraging habits of Brazilian free-tailed bats 
 
Brazilian free-tailed bats have a foraging range of at least 56 km from their roost (Best & 
Geluso 2003), and are capable of moving at speeds of up to 40 km/h and flying at altitudes 
greater than 3,000 m (Williams et al. 1973).  Significant foraging occurs at altitudes of up to 
1200 m (Griffin & Thompson 1982; McCracken 1996; McCracken et al. 2008; McCracken et al. 
1997) and Brazilian free-tailed bat colonies disperse widely when leaving the roost in the 
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evening (Lee & McCracken 2005).  Best & Geluso (2003) have calculated that the Brazilian 
free-tailed bat colony at Carlsbad Cavern in New Mexico disperse and forage in a space of 
nearly 4000 km3.  Due to the vast areas covered by these bats and their long-range, high 
altitude, and ever-changing flight patterns, attempts at gathering foraging data by radio tracking 
has been largely unsuccessful (Best & Geluso 2003).  Though Brazilian free-tailed bats are 
known to forage at high altitudes, activity is most abundant near ground level and at 400-500 m 
(McCracken et al. 2008), an altitude that is in accord with the atmospheric boundary layer of the 
southerly wind jet that serves as a major aeroecological corridor for the nocturnal dispersal of 
noctuid moths, and specifically H.zea (Westbrook et al. 1995a; Wolf et al. 1990).  Due to the 
potential relevance of ground-level landscape features, this study focuses on bat activity near 
ground level.    
 
Despite the importance of these bats in local economies and their susceptibility to 
human impacts, surprisingly little is known about the factors regulating their foraging activities.  
The main goal of this study is to identify bat foraging habitat usage at the landscape level by 
documenting the feeding activity of bats over a variety of habitats within a highly disturbed 
agricultural region.  More specifically, this project assesses whether temporal patterns in bat 
activity track patterns in H.zea abundance, and whether spatial patterns of bat activity relate to 
the distribution of habitat types in the landscape.  An understanding of the biotic and abiotic 
factors affecting nightly bat activity will contribute to the practical design of integrated pest 
management programs that incorporate bats and inform conservation efforts and provide further 
incentives for the protection of Brazilian free-tailed bat and other insectivores.   Brazilian free-
tailed bats can provide a stabilizing force in these agricultural systems and understanding the 
factors that affect the bats‟ nightly and seasonal foraging patterns across the landscape is 
crucial for understanding bats‟ ecological and economic impacts.  
 










I collected data within the Winter Garden agricultural region in south central Texas from 
mid-January through mid-December 2007.  In this study, however, I analyzed only data 
collected from March through October to focus on the period of highest bat activity in the Winter 
Garden region.  During this period, I monitored bat activity of Brazilian free-tailed bats from four 
to fifteen bat detection sites in a four-county region (Uvalde, Frio, Zavala, Medina) of 
approximately 2500 km2.  The Winter Garden region is located along the south central edge of 
Texas (Figure 1) and is dominated by large land areas used for agriculture and ranching.  
Croplands are cultivated mainly with corn, cotton, sorghum, and wheat (USDA-NASS 2002).  
Natural vegetation and ranch pastures mainly include low-growing native brushy and woody 
plants and a variety of forbs and grasses (Lee & McCracken 2002).  The presence of small 
towns in the study area results in the occurrence of interspersed buildings and light sources in 
and around the fifteen vegetation sites.  Water sources at these sites are generally limited to an 
occasional stream or cattle watering-hole.   
Within the study area, there are three known major roosts of Brazilian free-tailed bats, 
Frio Cave, Ney Cave, and Seco Creek Bridge (Figure 2).  Both Frio and Ney Caves are among 
the largest colonies of Brazilian free-tailed bats in North America (Cleveland et al. 2006; 
McCracken 2003).  Although historical counts estimated peak summer populations to be around 
ten million bats in both of these caves (Davis et al. 1962), more recent estimates show colony 
sizes to be approximately one million bats at both caves (Betke et al. 2008).  Colony size at 
Seco Creek Bridge is estimated to be around 250,000 bats (T. H. Kunz, personal 
communication).   
All fifteen study sites were located within likely foraging distance (ranging from 5 – 100 
km) of the three major Brazilian free-tailed bat roosts in the region.  At the center point of each 
site, I set up a single Anabat II bat detector, a Helicoverpa zea pheromone trap, and two 
DS1921G Thermochron® iButtons® (Maxim Integrated Products, Dallas Semiconductor) – one 
to record soil temperature and one to record air temperature (Table 1).  The first four sites were 
set up in January to monitor the bats‟ winter activity.  At each of these four sites only, Dr. John 
Westbrook, a collaborator from the USDA, set up a weather station for the duration of the 
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sampling period.  These sites remained active through mid-December.  We set up an additional 
eight sites from March to October to include the period between the bats‟ migration into and out 
of the region, and set up the final three sites in May through August, for a total of fifteen sites 
during the peak summer activity period.   The remainder of this study focuses on data collected 
at all sites from March to October.    
The fifteen study sites were chosen to span the landscape based on a number of criteria 
(Table 1).  First, to look at the effects of habitat type on bat activity, I selected sites that would 
encompass a surrounding vegetation gradient from full cropland to full natural habitat.  This 
included selecting cropland sites with varying degrees of the region‟s main crops, as well as 
croplands interspersed with natural habitat.   
Second, sites were selected based on distance to bat roosts.  To ensure a full coverage 
of the region and to sample in sites both near and far from bat roosts, I endeavored to have 
sites both “near” and “far” from one of the three roosts.  Distances were arbitrarily determined as 
a distance less than 40 km being “near” sites and greater than 40 km being “far” sites, based on 
known bat foraging distances (Best & Geluso 2003).   
Finally, site locations depended on accessibility and safety.  The majority of the land in 
Texas is privately owned.  It is therefore imperative to work in close cooperation with the 
region‟s farmers, but this also creates limitations for access to potential sites.  Occasionally, 
compromises had to be made when access to an ideal site location was not available (due to 
either lack of permission or physical accessibility).  To ensure safety and prevent vandalism, I 
selected locations and placements for equipment that were not visible to passersby as well as to 
avoid farming machinery.   
Uvalde County receives an average annual precipitation of 23.43 cm 
(http://www.idcide.com/weather/tx/uvalde.htm), with summer temperatures reaching an average 
high of 35.7 °C and an average low of 21.4 °C (NOAA 2007).  Surrounding counties show 
similar rain and temperature patterns.  During 2007, when this study took place, weather was 
atypical.  According to the USDA weather station located at the Uvalde study site, precipitation 
in 2007 totaled 92.51 cm, summer temperatures reached an average high of 29.18 °C and an 
average low of 19.13 °C.  It is important to note, therefore, that this study was conducted during 








  I measured relative bat activity by recording bat echolocation calls using one broadband 
Anabat II ultrasonic bat detector at each of the detection sites (Titley Electronics, Ballina, New 
South Wales, Australia).  Ultrasonic detectors transform the echolocation signals of bats into 
audible frequencies (Fenton 1988).  The use of bat detectors has become an increasingly 
common and accepted surveying tool for studying habitat use by bats (Barclay 1999; Brooks & 
Ford 2005; Duchamp & Swihart 2008; Ellison et al. 2005; Humes et al. 1999; Lee & McCracken 
2002; Rydell et al. 2002; Vaughan et al. 1997; Wickramasinghe et al. 2003).  The Anabat II bat 
detector system is coupled with a “zero-crossings analysis interface module” (ZCAIM) that 
transforms echolocation calls into digital data that are stored on a compact flash card (CFC) for 
later analysis. The Anabat II bat detector system can be programmed for automated operation, 
allowing for simultaneous sampling by multiple detectors, thereby increasing comparability 
among sites (Hayes 2000). Although previous studies show that spatial variation within sites 
may be considerable (Britzke & Murray 2000), few studies of habitat use by bats incorporate the 
use of more than one or two detectors at a site. 
 Broadband Anabat II systems detect fewer bat echolocation calls than other bat 
detectors, such as a Pettersson D980 time-expansion system or a heterodyne system (Fenton 
2000).  The use of a time-expansion or heterodyne system would be highly beneficial in 
situations where bats are in relatively low numbers and recorded calls can be analyzed 
individually.  In the Winter Garden region, however, bat passes are recorded in the hundreds 
and thousands, even in sites located considerably far from Brazilian free-tailed bat roosts.  The 
Anabat system is sufficiently sensitive for many purposes, and certainly for ones with high bat 
numbers such as in this study (Corben & Fellers 2001).  In addition, this study covered a 
regional spatial scale spanning across fifteen sites, monitoring simultaneous sites nightly for a 
period of up to one year.  For our monitoring purposes, the Anabat II system is ideal due to its 
durability, relative affordability, flexibility, and convenience for programming and recording 
nightly, independent of a daily operator for periods of several months.  I checked on the 
equipment‟s functionality weekly, downloading data and replacing batteries.   
 Anabat detectors are designed for the detection and identification of free-flying bats 
(Corben & Fellers 2001).  The use of such detectors may yield a more complete inventory of bat 
species than capture alone because some high-flying species are missed completely, as they 
are difficult to capture because their flight patterns put them outside the sampling range of 
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trapping equipment (O'Farrell & Gannon 1999).  Acoustic detectors allow sampling of a larger 
area, but may not detect species using low-intensity vocalizations. Brazilian free-tailed bats 
produce calls of sufficient intensity to be detected and readily identified by the Anabat system 
(O'Farrell & Gannon 1999; O'Farrell et al. 1999).  They are among the group of bats whose 
percentage of non-usable calls within usable vocal sequences is, on average, lower than 10%.  
In a study comparing the occurrence of species by capture and acoustic methods in the 
southwestern United States, Brazilian free-tailed bats were verified 0 times using only the 
capture method, 13 times using both capture and acoustic methods, and 21 times using only the 
acoustic method (O'Farrell & Gannon 1999).  In addition, the high altitude flight patterns of 
Brazilian free-tailed bats make them difficult to capture while foraging (G.F. McCracken, 
personal communication), such that acoustic monitoring is the preferred survey method for 
these bats.   
     I recorded echolocation calls nightly for the duration of the time that detectors were 
deployed at each site. Therefore, at the original four sites (Uvalde, Batesville, Castroville, and 
Pearsall), echolocation calls were recorded nightly from mid-January through mid-December; at 
eight additional sites, calls were monitored from March through October; and at the remaining 
three sites, calls were monitored from May through August.  I programmed all detectors to 
record four hours of activity per night, starting around sundown.  The minimum time required to 
achieve a satisfactory inventory (80%) of bat species at a site is a three-hour period, and the 
ideal time is immediately after sunset (Milne et al. 2004).  The exact hours of monitoring were 
adjusted when necessary throughout the year to account for the timing of sundown.  All 
operating sites were programmed to record simultaneous four hour time periods each night.           
 A single Anabat II unit was placed at a fixed location at the center of each of the sites 
(Figure 3).  A single unit consisted of an Anabat II detector, a ZCAIM recording device, and a 
microphone.  A compact flash card (CFC) in the ZCAIM recorded activity while the unit was 
activated.  To avoid risking un-necessary field and weather damage to the equipment, the 
microphones were removed from each Anabat II unit, and enclosed in a weather-proof PVC 
casing facing downward toward a 45° reflector (Messina 2004) placed at the top of a ten-foot 
PVC pole.  The microphones connected back to the detector via a heavy wire.  The detector 
and recording device were housed in a plastic Tupperware container, which was tightly secured 
with bungee cords to a shelf on the PVC pole.   
 At each of the fifteen study sites, the Anabat II PVC units were positioned facing NE in 
order to standardize the effects of wind direction and minimize the effects of prevailing 
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southwesterly winds.  Each unit was placed in a location with the fewest surrounding structures 
to minimize potential interference as well as maximized equipment safety.  For further 
standardization, the sensitivity knob on each of the detectors was set to seven and to a 
frequency division ratio of 16 throughout the monitoring period.  The sensitivity and detection 
range were estimated using an omnidirectional ultrasonic speaker to broadcast previously 
recorded echolocation calls of Brazilian free-tailed bats at 100 dB 10 cm from the microphone 
(Avisoft 60401, Avisoft Bioacoustics, Berlin, Germany). At this signal intensity, the detectors had 
an average detection range of 16.0 ± 1.8 m with the speaker placed at the same height as the 
microphone. 
 With the assistance of two crop consultants, each Anabat II monitoring station was 
checked at least once per week.  Each check consisted of verifying working status for all 
equipment, microphone responsiveness and sensitivity, precision of equipment settings, and 
sufficient battery power.  Any equipment that malfunctioned was replaced either immediately or 
at the earliest possible time, assuming replacement materials were available.  If replacement 
materials were not available, the particular site was suspended from monitoring until the part 
was fixed or replaced.  In addition, each week, the flash card containing that week‟s recorded 
data was replaced with a new, empty card.   
 Over the duration of the monitoring period, I analyzed a total of 9552 hours of recordings 
over 243 nights from the fifteen detection sites in the Winter Garden region.  In this study, I 
presume that all the calls recorded within the filter range of Brazilian free-tailed bats are calls of 
that species.  Other species, particularly Hoary bats (Lasiurus cinereus), echolocate at similar 
frequencies, but they are relatively rare in south-central Texas compared to the highly abundant 
Brazilian free-tailed bat.  I quantified and index of relative bat activity using AnaLookW software 
(version 3.3q, Titley Electronics).  The data recorded on the flash card were converted to a 
usable format using the CF storage ZCAIM interface program.  I then ran the converted data 
through a custom-designed filter that recognized characteristics specific to the echolocation 
calls of the Brazilian free-tailed bat.  I analyzed the data by night, and the AnaLookW output 
quantified a nightly „call‟ and „file‟ value at each site.  Anabat II detectors record activity in up to 
fifteen-second segments, called „files‟.  When turned-on by the programmed timer, the detector 
is sound-activated and will switch from „stand-by‟ to „record‟ in the presence of noise.  If a sound 
is continuous, the detector will sequentially record fifteen-second segments for the duration of 
the sound.  If the sound is intermittent, the sequence will last for the duration of the sound 
(under fifteen seconds), at which point the detector will return to a status of „stand-by‟ until it 
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senses another sound.  In the AnaLookW data output, the „file‟ value represents the number of 
fifteen-second segments during a single night that contained the calls of Brazilian free-tailed 
bats.  When the data are visualized in the AnaLookW program, Brazilian free-tailed bat calls 
look like a series of thin moon-shaped ticks, or „passes‟.  The „call‟ value in the data output 
represents the number of passes counted during a night of monitoring.   
Bat activity is typically measured as the numbers of bat passes recorded as a bat flies 
through the airspace sampled by the detector‟s microphone (Fenton 1970; Vaughan et al. 1997; 
Walsh & Harris 1996a; Wickramasinghe et al. 2003).  Because detectors do not differentiate 
between several passes by the same bat and single passes by several bats, the number of bat 
passes is used as an index of bat abundance and not as a measure of numbers of bats. In this 
study, very high levels of bat activity were recorded.  With multiple bats echolocating in the 
same airspace, nearly continuous and overlapping call sequences are often recorded and the 
use of this index becomes more difficult. Therefore, bat activity was quantified as either 1) the 
number of files containing calls or 2) the number of calls per nightly monitoring period. These 
two indices of bat activity have been employed in previous studies using Anabat detectors 
(Britzke et al. 1999; Tibbels & Kurta 2003).  
The filter defined to recognize Brazilian free-tailed bat call structures is based on many 
parameters, such as the peak echolocation call frequency of 25 kHz of (Gillam & McCracken 
2007), and can be adjusted to be very stringent (for example, not count a partial tick as a call) or 
very lenient (count partial ticks, even though they may not have been a bat call).  Because call 
structure and frequency are variable and depend on distance between individual bats and on 
the presence of conspecifics and interference noise (Gillam 2007; Ratcliffe et al. 2004), it is 
impossible to define a filter that would apply to all situations.  Bats show a significant difference 
in call structure in the presence of an insect sound stimulus and adjust their echolocation call 
structure in response to conspecifics and ambient noise (Gillam & McCracken 2007).  Brazilian 
free-tailed bat call frequency is usually around 20-25 kHz, but Gillam & McCracken (2007) show 
that free-tailed bat calls can reach a maximum of close to 40 kHz in the presence of 
interference.  In addition, calls change within and between sequences as the bat moves in 
relation to the detector, changing its proximity to its prey, clutter noise, or additional bats 
(O'Farrell et al. 1999).  A stringent filter would disregard any calls outside of the typical range, 
potentially losing a sizeable amount of data.  Because this project consisted of surveying 
multiple field sites under varying conditions on a nightly basis, I chose a filter with more lenient 
parameters that would include a range of Brazilian free-tailed bat call frequencies and 
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structures, and would avoid losing large amounts of data.  Although this filter is likely associated 
with a certain amount of error, in terms of potentially counting some noise-interference as bat 
calls, the filter‟s error is consistent across all sites and bat detectors.  To verify the consistency 
of the filter in analyzing bat calls, I conducted a comparison for a number of random files 
between the filter count and a visual count.  Although there was a slight difference between the 
counts, with the filter generally determining a higher call number than the visual counts, the 
difference was consistent for all samples.  Therefore, though there might be a slight error in the 
filter‟s accuracy, that error is consistent between all sampling sites.     
 I calculated weekly averages of bat calls and files, excluding all weeks with fewer than 
four recorded nights.  Any week with fewer than four nights recorded could have been a result of 
mal-functioning equipment, stormy weather, vandalism, etc., and excluding these nights 




I monitored insect activity with the assistance of Dr. John Westbrook from USDA and 
two insect scouts who are familiar with the major crop pests of the region.  We used a Hartstack 
cone type pheromone traps to monitor the presence of male H.zea moths at each of the fifteen 
detection sites (Lingren et al. 1993; Lopez et al. 1995; Parajulee et al. 1998; Raulston et al. 
1995; Westbrook et al. 1998; Westbrook et al. 1997).  Pheromone traps attract male moths 
searching for mates in the near vicinity with an attraction range of about 20 ha (0.2 km2) 
(Schneider 1999).  Because they only attract mating males, the traps may underestimate H.zea 
abundance for populations emerging and dispersing long distances (Raulston et al. 1990).  
Traps were baited biweekly with a Zealure sex pheromone specific for H.zea moths 
dispensed from Hercon lures (Hercon Division, Health-Chemical Corporation, Southplainfield, 
NJ).  The traps were installed within several feet of each Anabat II detector.  The traps were 
observed throughout the monitoring period, and their contents emptied and counted on a weekly 
basis to determine weekly moth counts at each of the fifteen sites.   
I analyzed weekly H.zea moth counts taken during 47 consecutive weeks.  I summarized 
the weekly moth count data into a weekly average to correspond to the weekly bat activity 





GIS data – landscape cover 
 
To determine the percentage of habitat types around each of the fifteen bat detection 
sites, I used spatial analysis techniques using Geographic Information Systems (GIS).  Using 
digital GIS-based land cover data allows for the efficient quantification of landscape cover at 
various spatial scales (Holloway et al. 2003; Jaberg & Guisan 2001; Jeganathan et al. 2004; 
Osborne et al. 2001; Pearce et al. 2001).  The availability of population abundance data coupled 
with GIS landscape cover data provides a potentially powerful tool to assess spatial patterns of 
species‟ distribution (Rotenberry et al. 2006; Yom-Tov & Kadmon 1998).   
I geo-reference seven habitat types (crop type – corn, cotton, sorghum, other; natural 
habitat; water bodies; and buildings) by ground-truthing an area of a 2 km radius surrounding 
each of the fifteen Anabat II sites.  I recorded over 600 data points across the entire region, 
using a hand-held Global Positioning System (GPS).  Each GPS data point corresponds to a 
specific habitat area around each of the sites, and I entered these data into the ArcGIS program 
(ESRI® ArchMapTM9.2, Copyright© 1999-2006 ESRI Inc.) onto a map layer of the Winter 
Garden Region.  I used a 1-meter resolution GIS map layer from 2006 obtained from the ESRI 
ArcGIS Online data source.   
In ArcGIS, around each of the fifteen bat detection sites, I defined three concentric 
circular areas of ½ km, 1 km, and 2 km radii, called „buffers‟ (Figure 2).  These three buffers 
allow me to estimate the proportion of each habitat type at different spatial scales.  The 
importance of viewing the effects of habitat loss and fragmentation at multiple spatial scales has 
been demonstrated for several bat species (Swihart et al. 2006).  For each area of different 
habitat type within 2 km of each of the fifteen sites, I created a separate polygon feature in 
ArcGIS (Figure 4).  Each polygon was individually defined as one of the seven possible habitat 
types.  By cropping the polygons into the exact areas within each of the buffer zones in ArcGIS, 
I was able to calculate the proportions of each habitat type around each of the sites at all three 




I summarized all data into a weekly format in order to standardize the temporal scale of 
the different variables.  The Anabat II nightly data was summarized into a weekly average of bat 
14 
 
activity files and a weekly average of bat calls.  I also converted the weekly moth sum data into 
a weekly average of moth activity.  I performed all of the analyses using JMP Data Analysis 
Software (Version 7.0.1, SAS 2007).    
To test for co-variance between weekly bat file data and moth count data, I ran a 
pairwise correlation, which showed the two to be highly correlated.  Therefore, for the rest of the 
analyses, I used only the weekly average bat file data, termed “bat activity index”.  In addition, 
due to the widely fluctuating nature of the data, I performed a logarithmic transformation on both 
bat activity index and moth counts in order to equalize the variances and normalize the 





   I ran a pairwise correlation testing for co-variance between log bat activity index and log 
moth counts across time.  To test whether these co-vary for the duration of the sampling period, 
I calculated the mean of log bat activity index and log moth counts across all of the sampled 
sites for each week throughout the entire period.   
 An additional pairwise correlation test examined co-variance between log bat activity 
index and log moth counts during the early part of the season when moths are most abundant in 
the system.  I calculated the mean of log bat activity index and log moth counts across all of the 




Variable selection – To assess the relative importance of habitat characteristics, I ran a 
multiple regression at different spatial scales.  Previous studies have used multiple linear 
regression analysis to establish a functional relationship between bat abundance and habitat 
variables (Duchamp & Swihart 2008; Walsh & Harris 1996a).  I ran four stepwise regression 
models to select the most appropriate independent variables to fit into four corresponding 
multiple regression models with the dependent variable – log bat activity index.  I ran the first 
stepwise regression to select from among all of the proportions of habitat types within the 0.5 
km radius of the sites, as well as the distance of the sites to the nearest major roost.  I then ran 
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a standard least squares multiple regression model fitted with the selected variables and 
specifically looked to see whether the proportion of natural habitat within a 0.5 km radius was 
selected and/or was significant in the model. 
I ran a second stepwise regression to select from among all of the proportions of habitat 
types within the 1 km radius of the sites, and a third stepwise regression to select among the 
proportions of habitat within the 2 km radius of the sites as well as the distance of the sites to 
the nearest major roost in both.  I then ran standard least squares multiple regression models 
fitted with the corresponding selected variables.   Once again, I specifically looked for whether 
the proportion of natural habitat within a 1 or 2 km radius was selected and/or was significant in 
the model. 
I ran a fourth stepwise regression to select from the measured temperature variables as 
well as moth counts.  I then ran a standard least squares multiple regression model fitted with 
the selected variables. 
Although the models account for variation in bat foraging abundances across scales, I 
focused my analyses on the smallest spatial scale because it is most biologically relevant.  Even 
at the smallest spatial scale, an area of 0.5 km radius is well above the detection range of an 
Anabat II system and provides habitat data that is the best fit with the available bat data.  In 
addition, with so many potential variables in each model, the use of only one distance scale 
reduces the number of variables and minimizes the likelihood of issues of intercorrelation 
(Walsh & Harris 1996a).  To test for a spatial relationship between the significant variables in 
the four models and bat activity, I summarized the bat activity index data into a monthly (March-
November) average of each site. 
 
Bats and habitat features– I ran regression models testing for a spatial relationship 
between bat activity index among sites, averaged across each month, and the proportion of 
habitat features that were significant in the standard least squares model of the 0.5 km radius.   
 
Bats and moths – Because it is difficult to infer causality between bat activity and moth 
abundance, I ran seven pairwise correlations looking for a spatial relationship between bat 
activity index and moth counts among sites, averaged across each month from March through 




Moths and natural habitat – I ran a regression model testing for a spatial relationship 
between the log moth counts among sites, averaged across the entire sampling period, and the 











 Data from Anabat II monitoring were obtained from a total of 9552 recording hours from 
fifteen detection sites across the Winter Garden region.  A total of 2,914,172 Brazilian free-tailed 
bat calls were detected with a range of 20 to 129,056 calls per week.  These calls were 
collected in a total of 278,906 files containing Brazilian free-tailed bat calls with a range of 9 to 
7377 files with bat calls per week.  Across the entire sampling period, weekly bat calls were 
observed with a mean of 1376.91 ± 139.46 and median of 471.02; and weekly bat activity index 
were observed with a mean of 131.68 ± 9.35 and median of 51.2.   
Weekly bat calls and weekly bat activity index are highly positively correlated, with a 
pairwise correlation index of the log-transformed data of less than 0.0001 and ρ = 0.89.  
Therefore, all analyses are based on the weekly bat activity index data henceforth, termed “bat 
activity index”.  The log-transformed data are referred to as “log bat activity index”. 
   Bat activity is relatively low in March with a mean bat activity index of 49.37 ± 10.40, 
increasing to a peak in August with a mean bat activity index of 195.31 ± 32.28, and steadily 




A total of 99,107 moths, ranging from 0 to 1583 moths per week per site, were captured 
during the study.  Across the entire sampling period, weekly averages of moth captured per site 
were observed with a mean of 34.73 ± 2.41 and a mode of 19.36.  For the duration of this 
paper, weekly average of moths captured per site are referred to as “moth counts” and the log-
transformed data are referred to as “log moth counts”. 
 Moth abundances were at or near peak numbers from March through May.  Moth 
numbers dropped beginning in July and remained low for the duration of the sampling period 






GIS Proportions of habitat types 
 
Crop types – In 2007, sorghum was the single-most dominant crop within the 0.5 – 2 
km radii around the fifteen study sites (Table 4).  Corn and cotton were also prevalent with the 
areas of corn exceeding those in cotton at all three size scales.  Sites with large proportions of 
sorghum were Castroville, D‟Hanis, Sabinal, and Uvalde.  Sites with large proportions of corn 
were Pearsall, Rio Medina, and Sabinal south.  Sites with large proportions of cotton were 
Castroville, Hondo, and Uvalde.   
Other crops in the region, of lesser and varied coverage, included wheat, onions, 
watermelon, peanuts, and potatoes.  In most cases, each of these crops covered a relatively 
small proportion of the 0.5 – 2 km radius around each of the Anabat II sites.  Most of these 
crops are not known to be H.zea host plants and are therefore not examined individually.  
Though watermelon has been identified as a host crop of H.zea, it is a crop of minor agricultural 
importance in the region (J.K. Westbrook, personal communication).   
 
All habitat types –Overall, natural habitat comprises about 50% of the land cover within 
the 0.5 km and 1 km radii around all of the fifteen Anabat II detection sites.  Natural habitat 
makes up over 70% of the land cover within the 2 km radius around the sites (Table 5).  Sites 
dominated by natural habitat are Batesville north, Batesville east, Devine, Quihi, Uvalde west, 
and Yancey.   
Areas containing buildings and other man-made structures made up approximately 10% 
of the area within a 0.5 – 2 km radius over all sites.  Lighted structures could attract insects to 
the area, potentially providing prey sources for the bats. Bodies of water, including lakes, ponds, 
watering holes, and large streams made up between 10-20% of the area within the 0.5 – 2 km 
radius of all of the sites.  Bodies of water are often associated with aquatic insect populations, 




 Across the entire sampling period, there is a negative correlation between bat and moth 
activity, but during the early part of the season, when moths are more abundant, there is a 
positive, but not significant, correlation.  The pairwise correlation analysis between log mean bat 
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activity index and log mean moth counts showed a negative correlation between bat and moth 
activity across the entire sampling period (Figure 6).  During weeks 8-19, early March to late 
May, an additional pairwise correlation test showed that although log mean bat activity index 
and log mean moth counts do not significantly co-vary, there is a near-significant positive 
correlation between them with a high strength of co-variance (Figure 7). 
 A Durbin-Watson was used to test for temporal autocorrelation.  With a Durbin-Watson 
coefficient of 0.88 and a p-value < 0.0001, the test detects an issue of autocorrelation in the 
data.  However, this test may be irrelevant and/or inappropriate in many instances, especially 
when dealing with large sample sizes or if the dependent variable is exhibited in a lagged form 
(Femenias 2004; Halkos & Kevork 2005; Pires & Rodrigues 2007).  This study deals with a 
large data set and its dependent variable, bat activity index, does indeed exhibit a temporal 
lagged pattern as bat activity gradually rises and falls from early to late season.  Therefore, 




Variable selection models – All three stepwise regression models testing for effects of 
habitat features at three spatial scales of 0.5 km, 1 km, and 2 km radii, selected the proportion 
of natural habitat as a potential predictive independent variable.  In addition, all three models 
selected sorghum, water, and buildings as potential predictive independent variables (Table 6).  
In all three corresponding multiple regression models, fitted with the selected variables from 
above and with the dependent variable (log bat activity index), the proportion of natural habitat 
is significant in predicting variation in bat activity between sites, as well as the proportion of 
sorghum and water.  The proportion of buildings was only significant in the model at the largest 
spatial scale of 2 km.    
 Habitat features within a 0.5 km radius in a standard least squares multiple regression 
model significantly affected bat activity index (p<0.0001, R²=0.25, Root mean square error 
(RMSE)=0.5411, DF=317).  The second standard least squares multiple regression model fitted 
with the selected variables within a 1 km radius was significant with a p<0.0001, R²=0.23, 
RMSE=0.5480, DF=317.  The final standard least squares model, examining habitat features 
within a 2 km radius, was significant with a p<0.0001, R²=0.28, RMSE=0.5292, DF=317.  
A fourth stepwise regression model, testing for additional abiotic and biotic variables, 
selected maximum soil temperature and log moth count as potentially significant variables for 
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the standard least squares model, which was significant with a p<0.0001, R²=0.17, 
RMSE=0.5654, DF=244. 
The results of these stepwise regression and standard least squares models are 
summarized in Tables 6 and 7.   
The multiple regressions above have very high degrees of freedom, which may cause 
the significance of the results to be less meaningful.  To deal with this problem, I ran monthly 
stepwise and standard least squares multiple regression models testing for the effects of habitat 
features on log bat activity index, reducing the degrees of freedom for each month.  The results 
of these models, with partial R2 values for each variable, are summarized in Table 8.   
 
Bats and habitat features – A series of simple regressions of average monthly bat 
activity index with the proportion of natural habitat within a 0.5 km radius showed a positive, 
significant relationship between bat activity index and natural habitat, with natural habitat 
responsible for a high proportion of the variation in bat activity index between sites during the 
months of July, August, and September, when bat activity is high (Figure 8).  The results of all of 
the regressions are summarized in Table 9.   
Inversely, variation in bat activity between sites was significantly related to sorghum 
during the early parts of the season, when moth counts were high.  A series of regressions 
show a positive relationship between monthly bat activity index and the proportion of sorghum 
within a 0.5 km radius during the early months of March (R²=0.27, p=0.008), April (R²=0.17, 
p=0.035), and May (R²=0.20, p=0.007).  During these months of relatively low bat activity and 
high moth counts, sorghum explains around 20% of the variation in bat activity.  During July, 
however, when bat activity is at a peak, there is a significant negative relationship between bat 
activity index and the proportion of sorghum within a 0.5 km radius (R²=0.09, p=0.012).   
Finally, bat activity showed a significant positive relationship to the proportion of water 
within a 0.5 radius in the late summer months of August (R²=0.25, p=0.003) and September 
(R²=0.11, p=0.04). 
Because I ran nine regression tests, one for each month from March through November, 
I performed a Bonferroni correction for multiple comparisons in order to test the results against a 
more stringent criterion for statistical significance.  The Bonferroni corrected p-value is 0.006.  
When using the Bonferroni corrected p-value, several results are no longer statistically 
significant.  But, there is an increasing view in scientific research that the classic Bonferroni 
adjustments are often unnecessary, too conservative, and sometimes even harmful to statistical 
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analyses (Bender & Lange 1999; Perneger 1998; Sonnemann 2008).  Therefore, the Bonferroni 
correction is noted, but not assumed to be an indication of the significance of the results.   
 
Bats and moths – Between March and September, July was the only month in which 
there was a significant, but negative co-variance between variation in bat activity index and 
moth counts between sites (Figure 9).  The results of all of the monthly correlation tests 
between bat activity index and moth counts are summarized in Table 10.  The Bonferroni 
corrected p-value for these seven monthly correlation tests is 0.007.   
 
Moths and natural habitat – Relative moth abundance is negatively correlated to the 
proportion of natural habitat.  Log moth counts and natural habitat negatively co-vary between 








 Bat activity throughout the monitoring period showed peaks and fluctuations clearly 
corresponding to the Brazilian free-tailed bats‟ migration in and out of the region and to their 
annual reproductive cycle.  Bat activity is relatively low in March, before the bats‟ migration into 
the region.  Activity steadily increases until it reaches a peak in August, corresponding to the 
addition of young bats as active foragers.  Finally, activity gradually decreases through 
November, corresponding to the bats‟ migration out of the region.  The levels of bat activity 
reported in this study are higher than those observed in other systems (Crampton & Barclay 
1996; Patriquin & Barclay 2003).   
 Peaks and fluctuations of H.zea moth activity throughout the monitoring period 
correspond to the moths‟ life-cycles and their migration in and out of the Winter Garden region.  
In March through May, during the time of bat migration into Texas and establishment of 
maternity colonies in the region, H.zea moths are at or near peak numbers, corresponding to 
the moths‟ migration into the region and their emergence from early season crops, such as corn 
and sorghum (Lopez et al. 1995; Westbrook et al. 1998; Westbrook et al. 1997).  Starting in 
July, moth numbers drop and remain low for the duration of the sampling period, corresponding 
to the moths‟ migration northward as well as the senescence of early season crops and the 
moths‟ shift to late season crops, such as cotton.  
The two central hypotheses of my study are 1) temporal patterns in bat activity track 
patterns in H.zea abundance and 2) spatial patterns of bat activity relate to the proportion of 
habitat types in the landscape.  Over a large temporal scale and the duration of one sampling 
season, bat activity is greater when H.zea abundance is lower.  However, on a smaller time 
scale of a few weeks early in the sampling period, it appears that bat activity is higher when 
moths are more abundant.  At the regional landscape level, spatial patterns of bat activity 
correspond to the proportion of local natural habitat during peak bat activity.  During the early 
part of the sampling period, when moths were abundant in the system, bat activity was most 







Temporal patterns of bat activity  
 
 Overall, across the entire sampling period, there was a negative correlation between bat 
and H.zea moth activity, but during the early part of the season, when H.zea moths were more 
abundant, there appeared to be a positive correlation.  Previous studies show a positive 
correlation between Brazilian free-tailed bat activity and moth abundances (Kennard 2008; Lee 
& McCracken 2002, 2005; McCracken et al. 2008), but these studies have all recorded such 
patterns at finer temporal scales of nightly or even hourly observations.  This study examined 
temporal patterns over several months, with observations averaged over weekly or even 
monthly periods, and showed an overall negative correlation between bat activity and H.zea 
moth abundances.  While moths are highly abundant in certain habitat types in the region (crop 
fields) and during certain periods of the season (late spring to early summer) they are not as 
abundant throughout the season or across all landscape types (Lingren et al. 1993; Lopez et al. 
1995). The negative correlation between bat activity and H.zea moth abundance at this large 
temporal scale was therefore driven by the period of high bat activity in the late summer months 
when H.zea moths were practically absent from the system (Figure 5).   
 During the early weeks of the season, from early March to late May, moths are abundant 
in the system, particularly in areas of heavy crop cover.  During this time period, there appears 
to be a positive correlation between bat activity and moth abundance.  Though the results were 
not significant, they were nearly so, and suggest a positive relationship.  Because the analyses 
were conducted across a regional scale, all landscape types, including natural habitat areas, 
were included.  Crop areas have heavier concentrations of insect pest abundances and the 
inclusion of additional non-crop habitat types in the analyses could certainly affect the strength 
of a temporal relationship between bat activity and moth abundances.  Therefore, a nearly 
significant positive relationship between bat activity and moth abundance across this 
comparatively large temporal scale of several weeks, coupled with previous studies showing 
significant positive correlations between bats and moths within agricultural fields, are consistent 
with the importance of Brazilian free-tailed bats in this agricultural system.   
H.zea moths, though localized in time from spring to mid-summer in the Winter Garden, 
migrate out of the region and infest agricultural areas throughout the southwestern United 
States.  Studies suggest that throughout the duration of a season, H.zea migrate at least 700 
km northward from the Lower Rio Grande Valley of Texas and Mexico into northern Texas, 
Oklahoma, Arkansas, and Louisiana (Lingren et al. 1993; Westbrook et al. 1995b).  More 
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specifically, early season migration of H.zea moths occurs with a flight range of at least 660 km 
(Westbrook et al. 1998; Westbrook et al. 1997).  Westbrook et al. (1997, 1998) found evidence 
that strongly supports the need to suppress the dispersal of H.zea in order to reduce economic 
infestations and insecticide resistance.  The important ecosystem services of natural pest 
control provided by Brazilian free-tailed bats (Cleveland et al. 2006; Federico et al. 2008) could 
considerably reduce the number of moths that migrate out of the Winter Garden region and 
impede future H.zea populations.   
 
Spatial patterns of bat activity 
 
The hypothesis that spatial patterns of bat activity relate to the proportion of habitat 
types in the landscape is supported by the significant relationship between bat activity and 
various habitat types, particularly natural habitat.  The proportion of natural habitat was a strong 
predictor of levels of Brazilian free-tailed bat activity during months of peak bat activity.  
Alternatively, when moth counts were high, in the early part of the bats‟ reproductive season, 
bat activity was significantly related to the proportion of sorghum in the area.   
Natural habitat - Previous studies show bat activity to be highly related to habitat 
features (Duchamp et al. 2004; Duchamp & Swihart 2008; Walsh & Harris 1996a, b), and land 
use has been determined to be a primary predictor of bat abundance (Jaberg & Guisan 2001; 
Vaughan et al. 1997; Walsh & Harris 1996a).  In this study, habitat features are the strongest 
variables affecting Brazilian free-tailed bat activity on a regional scale.  Overall, natural habitat 
comprised an average of 50% of the land cover of the fifteen detection sites.  During the months 
of July, August, and September, when bat activity is high, there is a strong, significant 
relationship between bat activity and the proportion of natural habitat.  In addition, areas 
consisting of a large proportion of crop habitat, showed either a negative or no relationship with 
bat activity.  Previous studies demonstrate a strong selection of insectivorous bats for natural or 
semi-natural areas with a strong avoidance of arable or agricultural lands (Duchamp & Swihart 
2008; Walsh & Harris 1996a, b).  Other studies show a significant increase in bat activity over 
organic farms compared to areas used for conventional agricultural practices (Wickramasinghe 
et al. 2004; Wickramasinghe et al. 2003), and conclude that organic farm habitat is of higher 
quality, has an overall higher insect abundance, and is more similar to semi-natural habitat than 
conventional farms.     
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The strong relationship between bat activity and natural habitat indicates an important 
need to maintain alternative habitat features among crop fields within a predominantly 
agricultural region.  The simplification of landscape for agricultural purposes could have adverse 
affects on prey availability and diversity (Limpens & Kapteyn 1991; Russo & Jones 2003) and 
evidence indicates that availability of natural habitat and organic farming support an overall 
higher insect abundance (Wickramasinghe et al. 2003).  Insect abundance is significantly higher 
in pastural habitats and organic farms than on conventional farms, including multiple insect 
families that are known to be important components of bat diet (Wickramasinghe et al. 2004).  
Specifically, Wickramasinghe et al. (2004) showed that the activity of bats that heavily rely on 
Lepidoptera was significantly correlated with the abundance of this order.  The reliance on non-
conventional crop habitat is especially important during years of poor growing conditions or 
seasonal periods of low crop yields that might reduce the availability of insect host plants and 
further limit prey densities over agriculture-dominated habitat.   
Schedules of agricultural practices in the region are also important to consider.  By early 
March, corn and sorghum planting is complete; from May through early July, corn and other 
crops are heavily irrigated; corn and sorghum are harvested in July; and by the late summer 
months, the majority of the crops are harvested or are in senescence, with the exception of 
cotton, which is heavily sprayed with pesticides (Texas Crop Reports 2007, internal report).  The 
early summer periods of heavy irrigation create a vegetation-rich and moist habitat within crop 
fields that supports large numbers of insects that are potential prey items for the bats.  With the 
senescence of these crops towards the end of July, these habitats disappear, and the only 
major crop fields remaining are of cotton, which are not productive insect habitat due to heavy 
pesticide applications.  It is during these late-summer months that areas of natural habitat 
become a remaining viable source of insect prey items in the region.  And it is therefore not 
surprising that during these months, natural habitat is positively significantly related to bat 
activity.    
The importance of alternative prey sources provided by natural habitat for Brazilian free-
tailed bats is especially evident given this bat‟s diverse diet.  Several studies have documented 
the dietary variation in Brazilian free-tailed bat fecal samples, containing 11-12 orders and at 
least 35 families of insects (Lee & McCracken 2002, 2005; McWilliams 2005).  Brazilian free-
tailed bats opportunistically exploit swarms of insects and localized insect emergences, and 
their diet varies significantly throughout the season (Lee & McCracken 2002, 2005; McWilliams 
2005).  Though many agricultural fields serve as host plants to a number of agricultural pests, 
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including H.zea, they are both ephemeral and create homogenous environments resulting in 
loss of prey diversity (Benton et al. 2003; Krebs et al. 1999; Tsitsilas et al. 2006).  The presence 
of interspersed natural habitat within an agricultural region supplements the diversity of prey 
needed by Brazilian free-tailed bats throughout the summer season.  Furthermore, though 
moths (Lepidoptera) make up a significant proportion of Brazilian free-tailed diet, it is both moths 
and beetles (Coleoptera) together that occur in greatest percentages and contribute the highest 
volume (greater than 60%) of the bats‟ diet (Lee & McCracken 2005; McWilliams 2005).  And 
with declining local moth populations in the Winter Garden region in mid-summer, there is also a 
declining pattern in Brazilian free-tailed bats by moth consumption (Lee & McCracken 2005).  In 
times of low moth abundances, natural habitat areas likely provide missing and essential 
portions of the bats‟ diets.   
Sorghum - Variation in bat activity between sites was significantly related to the 
proportion of sorghum during the early parts of the season, when H.zea moth counts were high.  
During the months of March, April, and May, the proportion of sorghum was the only predictor of 
Brazilian free-tailed bat activity.  This period corresponds to the observed 2007 seasonal peak 
in H.zea activity (Figure 5) as well as to the only time interval in which bat activity is positively 
correlated to moth abundances.   
In 2007, sorghum was the dominant crop around the fifteen study sites.  Though corn 
and cotton have traditionally been dominant crops in the Winter Garden region, sorghum has 
been more heavily planted in recent years due to its sufficient drought and heat tolerance in 
comparison to corn (Norwood & Currie 1997).  The Winter Garden region is, under normal 
conditions, extremely hot and arid, and in such a region, farming practice is to occupy a majority 
of the acreage with sorghum when high temperatures and potential evapotranspiration limit the 
number of other crops, such as corn, that can be grown without the need of heavy irrigation 
(Norwood 1999).   
Previous studies demonstrate insectivorous bat foraging rates to be significantly higher 
over agricultural and rural areas compared to urban areas due to the increased availability of 
clumps of insects over crop fields (Duchamp et al. 2004; Geggie & Fenton 1985).  With 
seasonal H.zea populations numbering in the billions, in addition to other local agricultural 
pests, such habitat would provide abundant bat insect prey in times of successful crop yields.  In 
this study as well, during periods of high moth abundances, Brazilian free-tailed bat activity is 
significantly higher over areas with higher proportions of sorghum fields.  But in years of 
extreme draught or extreme flooding when many of the crops fail, or during seasonal periods 
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when the crops senesce and no longer provide a suitable host plant, this source of prey could 
be practically eliminated.   
Water bodies - Bat activity showed a significant positive relationship to the proportion of 
water at a site in the late summer months of August and September.  These are the latter 
months of high bat activity, and indicate the importance of available water bodies within a bat 
foraging range.  Previous studies show that among all habitat types, water sites are most highly 
used during insectivorous bat foraging activity and are highly preferred, when available (Russo 
& Jones 2003; Vaughan et al. 1997; Walsh & Harris 1996a, b).  Bodies of water, including lakes, 
ponds, watering holes, and large streams, made up an average of 10-20% of the area around 
the detection sites.  Why then are water bodies not found to be significantly related to Brazilian 
free-tailed bat activity for a larger part of the season in this study?  Walsh and Harris (1996) 
found that although bats exhibited a strong selection for areas with water bodies in general, 
there was a significant lack of preference and consistent avoidance of water bodies observed in 
intensively agricultural land classes.  Bodies of water are often associated with aquatic insect 
populations, potentially providing additional prey items to the area.  Yet, the quality of these 
habitats as bat foraging sites may be reduced in many parts of the study region due to high 
pollution levels from agricultural insecticide run-off, leading to a decrease in insect availability.  
Water bodies clearly provide important habitats for foraging insectivorous bats, and further 
testing of the water quality in these areas is necessary to correctly assess their role in the 
Winter Garden region.              
   
Implications for bat conservation 
 
 It has been confirmed that loss of native habitats at a regional scale in ecosystems 
dramatically altered by agriculture are important factors contributing to declines in some bat 
species (Duchamp & Swihart 2008; Walsh & Harris 1996a).  In Europe, declines have been 
largely attributed to pressures in landscape change associated with agricultural practices 
(Walsh & Harris 1996a, b).   
The degradation of habitat associated with intensive agricultural purposes is threatening 
to bats and has an impact on nocturnal insect communities (Russo & Jones 2003; Stebbings 
1988; Wickramasinghe et al. 2004).  Pesticides are harmful to bats in general, and to Brazilian 
free-tailed bats in particular, and have been linked to population declines in Carlsbad Caverns, 
one of the largest roosts for the southwestern migrating population (Clark 2001; Cockrum 1970; 
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Geluso et al. 1976, 1981).  Though organochlorine pesticides, such as DDT, have been banned 
in the US, the future status of this population is thought to depend, among other things, on 
persisting organochlorine residues in the system, as well as other agricultural chemicals still in 
use, such as the organofluorine pyrethroid pesticides (Clark 2001).  Pesticide loads in Brazilian 
free-tailed bats are especially high in young bats and are particularly dangerous during their first 
migration season (Geluso et al. 1976, 1981), endangering the reproductive success of the 
population. 
Because bats follow an extreme „K-strategy‟ life history of heavy investment in few 
offsprings, they are especially vulnerable to environmental changes that may lead to decreased 
longevity or reproductive success.  Due to their specific roost and foraging needs, bats can 
serve as an indicator species of overall habitat quality, and can be used to assess the impact of 
habitat changes (Fenton 2003).  A large presence of Brazilian free-tailed bats results in higher 
profitability to farmers of both Bt and conventional crop production by reducing the number of 
insects in the Winter Garden region throughout the growing season.  Models indicate that if no 
bats are present, two additional applications of insecticide, on average, are necessary, and 
higher numbers of H.zea would survive to disperse throughout the Winter Garden region and 
beyond.  A regional effect of Brazilian free-tailed bat foraging efforts can be expected by 
suppressing subsequent generations of H.zea moths immigrating to other areas and potentially 
infesting other crops.  (Federico et al 2008). 
To ensure the health of future Brazilian free-tailed bat populations, natural habitat areas 
should be maintained and protected.  Farmland strategies should maximize landscape 
complexity, which along with interspersed natural habitat areas, would provide a variety of 
habitats for increased prey density and diversity.  The availability of natural habitat throughout 
the Winter Garden region ensures alternative prey sources for the Brazilian free-tailed bat 
during periods of low crops yields that in turn, securing the continuation of this bats‟ presence 
and important role in the region. 
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Table 1 Site information of the fifteen study sites within the Winter Garden region in Texas: locations of sites‟ central point; install 1 





(degrees) Install Date Anabat 
CEW Pheromone 
Trap Weather Station Thermocrons 
Batesville 28.98895 99.62420 1/25/2007 X X X X 
Batesville_E 28.94017 99.48563 3/21/2007 X X   X 
Batesville_N 29.03457 99.68138 3/15/2007 X X   X 
Castroville 29.39225 98.96515 1/24/2007 X X X X 
D‟Hanis 29.35183 99.27367 3/14/2007 X X   X 
Devine 29.09105 98.85492 3/14/2007 X X   X 
Hondo 29.29405 99.04165 3/14/2007 X X   X 
Pearsall 28.87072 99.14750 1/24/2007 X X X X 
Quihi 29.45993 99.03133 5/30/2007 X X   X 
Rio Medina 29.46047 98.90932 5/31/2007 X X   X 
Sabinal 29.32145 99.59362 3/15/2007 X X   X 
Sabinal_S 29.26595 99.49597 3/21/2007 X X   X 
Uvalde 29.33378 99.71287 1/23/2007 X X X X 
Uvalde_W 29.20817 99.86410 5/29/2007 X X   X 
Yancey 29.17642 99.19858 3/14/2007 X X   X 
 3 
 4 
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Table 2  Site information for the fifteen study sites within the Winter Garden region in Texas: presence and absence of crop and 6 
vegetation types surrounding each of the sites‟ central point; the distance (in km) of each site to each of the three major Brazilian 7 
free-tailed bat roosts. 8 
 Site Corn Cotton Sorghum Other Natural Ney Cave Frio Cave 
Seco-Creek 
Bridge 
Batesville   X X brocolli,cabbage,onion X 82.97 49.67 49.03 
Batesville_E         X 81.10 58.36 46.70 
Batesville_N         X 82.55 44.37 49.61 
Castroville X X X     27.96 70.00 32.76 
D‟Hanis     X X   30.48 40.89 3.34 
Devine       X X 62.17 89.10 49.96 
Hondo   X X X   35.08 64.21 24.75 
Pearsall X     potatoes,carrots,peanuts   80.81 81.69 52.34 
Quihi         X 18.10 63.26 29.30 
Rio Medina X X     X 26.17 75.14 40.12 
Sabinal X X X     54.51 15.58 29.09 
Sabinal_S X   X X   51.29 26.48 20.62 
Uvalde X X X X   63.73 11.18 40.61 
Uvalde_W X   X X X 83.50 30.46 56.97 
Yancey   X X   X 47.34 55.28 19.04 
    9 
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Table 3  Weekly average bat activity index and moth counts summarized by month and 10 
averaged across all sites from March through November 2007.  Data show an increase to peak 11 
bat activity around mid to late summer, corresponding to the period when young bats begin to 12 
forage independently and followed by a decrease in activity as the bats migrate southward out 13 
of the region.  Moth activity is high during the late-spring into early-summer period, 14 
corresponding to the moths‟ emergence from corn crops and drops dramatically as the moths 15 
migrate northward and the region sees a shift from corn to cotton crops. 16 
    Bat activity index Moth Counts 
Month DF Mean 
Std 
Error Mean Std Error 
March 24 49.3688 10.3992 84.228 10.1066 
April 25 60.97615 17.06598 75.75192 10.99056 
May 34 101.422 33.81577 77.51455 6.929123 
June 39 169.2635 30.90228 38.04279 6.051967 
July 66 182.8475 22.09325 24.12168 3.426689 
August 33 195.3094 32.27866 10.76636 1.918014 
September 38 141.3649 24.98205 11.71846 2.007122 
October 31 123.7259 22.13675 8.974121  2.992420 
November 19 18.569 4.791262  0.36270  0.193609 
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Table 4  Percentage of crop types (corn, cotton, sorghum, and other) within an area of 0.5 km, 1 km, and 2 km radius around 17 
each of the fifteen Anabat II detection sites.  In all three scales of area, sorghum was the dominant crop type overall.  Other crop 18 
types include wheat, onions, watermelon, peanuts, potatoes, as well as others. 19 
  0.5 km radius 1 km radius 2 km radius 
Site Corn Cotton Sorghum Other Corn Cotton Sorghum Other Corn Cotton Sorghum Other 
Batesville 0.00% 17.67% 0.00% 27.30% 0.00% 10.80% 0.08% 33.47% 0.00% 5.06% 5.94% 21.46% 
Batesville_E 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.87% 0.00% 0.16% 0.00% 1.19% 
Batesville_N 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
Castroville 1.14% 35.00% 44.06% 0.00% 11.75% 23.58% 33.86% 0.00% 11.99% 11.15% 21.23% 0.19% 
Devine 0.00% 0.00% 0.00% 41.95% 0.00% 0.00% 0.00% 24.54% 0.00% 0.00% 0.00% 10.32% 
D'Hanis 0.00% 0.00% 44.88% 26.16% 0.06% 0.00% 24.15% 18.50% 3.59% 1.53% 9.88% 7.46% 
Hondo 0.00% 76.46% 0.00% 12.82% 0.00% 45.91% 2.31% 4.57% 0.00% 13.74% 5.33% 1.14% 
Pearsall 32.35% 0.00% 0.00% 40.64% 14.93% 0.00% 0.00% 44.54% 13.81% 0.00% 0.00% 22.73% 
Quihi 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
Rio Medina 38.28% 11.82% 0.00% 0.00% 22.68% 5.50% 0.00% 0.73% 5.67% 1.80% 0.00% 3.63% 
Sabinal_S 21.49% 0.00% 31.82% 11.45% 38.14% 0.00% 27.83% 7.14% 33.84% 0.45% 18.27% 4.51% 
Sabinal 8.99% 13.89% 62.38% 6.36% 7.88% 6.40% 62.18% 2.36% 15.45% 4.60% 29.55% 1.85% 
Uvalde 0.00% 32.07% 49.09% 0.84% 8.16% 15.38% 37.48% 0.91% 6.49% 7.55% 9.38% 7.06% 
Uvalde_W 0.00% 0.00% 26.14% 12.04% 3.77% 0.66% 19.02% 17.76% 4.88% 0.95% 4.86% 7.70% 
Yancey 0.00% 0.00% 30.97% 0.00% 0.00% 0.00% 30.35% 0.00% 0.00% 5.54% 11.58% 0.00% 
Mean (all 
sites) 6.82% 12.46% 19.29% 11.97% 7.16% 7.22% 15.82% 10.36% 6.38% 3.50% 7.73% 5.95% 
  20 
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Table 5  Percentage of habitat types within an area of 0.5 km, 1 km, and 2 km radius around each of the fifteen Anabat II 21 
detection sites.  Crop variable includes the total area of all crop types within the designated area around each site.  Overall, 22 
within the area of 0.5 km radius, the proportion of crop is slightly higher than that of natural habitat, but in the larger scales of 23 
area, natural habitat is the dominant habitat type. 24 
   0.5 km radius 1 km radius 2 km radius 
Site Crop Natural  Buildings Water Crop Natural  Buildings Water Crop Natural Buildings Water 
Batesville 44.97% 55.06% 0.00% 0.00% 44.35% 49.49% 0.12% 0.00% 32.46% 53.01% 0.20% 0.03% 
Batesville_E 0.00% 100.00% 0.00% 0.00% 0.87% 98.85% 0.00% 0.32% 1.34% 96.35% 0.77% 0.81% 
Batesville_N 0.00% 95.37% 0.00% 4.65% 0.00% 96.97% 0.00% 3.07% 0.00% 92.51% 0.03% 1.01% 
Castroville 80.20% 17.07% 0.40% 2.36% 69.20% 28.98% 0.58% 1.25% 44.56% 47.87% 0.45% 0.58% 
Devine 41.95% 56.79% 1.28% 0.00% 24.54% 73.53% 1.03% 0.00% 10.32% 84.56% 0.93% 0.13% 
D'Hanis 71.04% 26.64% 2.34% 0.00% 42.71% 48.07% 1.19% 0.79% 22.46% 61.16% 2.07% 1.66% 
Hondo 89.28% 10.65% 0.00% 0.00% 52.79% 39.55% 0.62% 0.00% 20.22% 69.20% 0.49% 1.38% 
Pearsall 72.99% 24.56% 0.00% 2.47% 59.46% 32.33% 0.15% 2.22% 36.54% 49.58% 0.57% 1.27% 
Quihi 0.00% 98.59% 1.06% 0.37% 0.00% 98.67% 0.85% 0.52% 0.00% 98.80% 0.61% 0.63% 
Rio Medina 50.09% 48.85% 1.08% 0.00% 28.92% 57.86% 1.46% 0.19% 11.11% 66.57% 1.10% 0.57% 
Sabinal_S 64.77% 34.19% 1.06% 0.00% 73.11% 26.49% 0.38% 0.05% 57.07% 36.60% 0.24% 0.17% 
Sabinal 91.62% 6.36% 1.78% 0.00% 78.83% 13.39% 0.44% 0.00% 51.45% 27.39% 0.87% 0.02% 
Uvalde 82.00% 18.03% 0.00% 0.00% 61.94% 35.44% 0.21% 0.08% 30.48% 59.51% 0.39% 0.05% 
Uvalde_W 38.18% 60.58% 1.27% 0.00% 41.22% 53.96% 3.63% 0.14% 18.38% 53.33% 1.47% 0.28% 
Yancey 30.97% 59.88% 0.00% 9.18% 30.35% 66.81% 0.37% 2.50% 17.12% 75.04% 0.46% 1.22% 
Mean (all 
sites) 50.54% 40.84% 0.68% 1.27% 40.55% 54.69% 0.74% 0.74% 23.57% 64.77% 0.71% 0.65% 
44 
 
Table 6  Four stepwise regression models to select the most appropriate independent variables 25 
to fit into multiple regression models with the dependent variable – log bat activity index.  1 - 26 
selecting from among all of the proportions of habitat types within the 0.5 km radius of the sites, 27 
as well as the distance of the sites to the nearest major roost; 2 – selecting proportion of 28 
habitats from the 1 km radius and the distance to roost; 3 – selecting proportion of habitats from 29 
the 2 km radius and the distance to roost; 4 – selecting from among the measured temperature 30 




prob Seq SS R² Cp p 
Stepwise Regression 1 
1 prop total crop .5 
 
0.0000 9.7885 0.0805 67.8646 2 
2 prop sorghum .5 
 
0.0000 7.0515 0.1385 45.7850 3 
3 prop water .5 
 
0.0000 6.6064 0.1928 25.2253 4 
4 proportion natural .5 
 
0.0006 3.5918 0.2223 14.9600 5 
5 Distance to nearest roost 
 
0.0360 1.3250 0.2332 12.4355 6 
6 prop other crop .5 
 
0.0099 1.9766 0.2495 7.6857 7 
7 proportion building .5 
 
0.1947 0.4946 0.2535 7.9966 8 
Stepwise Regression 2 
1 proportion natural 1 
 
0.0001 5.8432 0.0480 68.5772 2 
2 prop sorghum 1 
 
0.0000 9.6577 0.1275 38.6621 3 
3 prop water 1 
 
0.0001 5.2001 0.1702 23.4778 4 
4 Distance to nearest roost 
 
0.0000 6.2872 0.2219 4.7009 5 
5 proportion building 1 
 
0.0799 0.9271 0.2295 3.6373 6 
Stepwise Regression 3 
1 prop water 2 
 
0.0000 14.7863 0.1216 65.2028 2 
2 prop total crop 2 
 
0.0000 9.4801 0.1995 33.5515 3 
3 prop sorghum 2 
 
0.0002 4.1431 0.2336 20.8450 4 
4 prop cotton 2 
 
0.0001 4.5413 0.2709 6.7247 5 
5 proportion building 2 
 
0.1816 0.5065 0.2751 6.9269 6 
6 proportion natural 2 
 
0.0537 1.0506 0.2838 5.1974 7 
Stepwise Regression 4 
1 max soil temp 
 
0.0000 13.6792 0.1463 5.5023 2 
2 log moth count 
 
0.0063 2.4280 0.1723 0.0025 3 
 32 
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Table 7  Four standard least square multiple regression models fitted with the variables 34 
selected in the four corresponding stepwise regressions in table 6. 35 
Term estimate 
std 
error t Ratio  prob>|t| 
Std 
Beta VIF 
Standard Least Squares Model 1 
Intercept 1.4238 0.2183 6.5216 0.0000 0.0000 . 
proportion building .5 9.2043 7.0821 1.2997 0.1947 0.1147 3.2346 
proportion natural .5 0.7218 0.1692 4.2652 0.0000 0.2979 2.0262 
prop water .5 -8.4695 1.6639 -5.0901 0.0000 -0.3235 1.6774 
prop sorghum .5 0.9799 0.2935 3.3392 0.0009 0.3741 5.2134 
prop other crop .5 -1.0910 0.3870 -2.8191 0.0051 -0.2681 3.7566 
prop total crop .5 -0.5034 0.2024 -2.4866 0.0134 -0.2401 3.8729 
Distance to nearest roost 0.0128 0.0040 3.2266 0.0014 0.3380 4.5579 
Standard Least Squares Model 2 
Intercept 0.3916 0.1801 2.1751 0.0304 0.0000 . 
proportion building 1 10.3453 5.8882 1.7570 0.0799 0.0948 1.1781 
proportion natural 1 1.2893 0.1577 8.1763 0.0000 0.5178 1.6244 
prop water 1 -15.1597 3.2255 -4.6999 0.0000 -0.2509 1.1542 
prop sorghum 1 1.9612 0.2695 7.2766 0.0000 0.6420 3.1520 
Distance to nearest roost 0.0151 0.0031 4.8971 0.0000 0.3992 2.6905 
Standard Least Squares Model 3 
Intercept 3.7423 0.6302 5.9380 0.0000 0.0000 . 
proportion building 2 -18.4379 8.6588 -2.1294 0.0340 -0.1446 2.0034 
proportion natural 2 -1.2627 0.6520 -1.9368 0.0537 -0.3966 18.2045 
prop water 2 -37.8550 6.5504 -5.7790 0.0000 -0.3516 1.6072 
prop cotton 2 -3.4383 0.7868 -4.3703 0.0000 -0.2498 1.4188 
prop sorghum 2 3.0415 0.5728 5.3103 0.0000 0.4542 3.1762 
prop total crop 2 -3.4887 0.8168 -4.2712 0.0000 -0.9351 20.8139 
Standard Least Squares Model 4 
Intercept 0.5070 0.4239 1.1960 0.2329 0.0000 . 
log moth count -0.1839 0.0667 -2.7557 0.0063 -0.1896 1.3847 
max soil temp 0.0177 0.0043 4.1062 0.0001 0.2826 1.3847 
 36 
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Table 8  Results from monthly stepwise and multiple regression models testing for the effects of habitat features on log bat 38 
activity index.  Eight variables were entered into the stepwise variable selection model (the proportion of habitat types within a 39 
0.5 km radius – natural habitat, buildings, water, corn, cotton, sorghum, other crop; and the distance of each site to the nearest 40 
roost).  For each month, the selected variables are indicated with their slope, p-value, and partial R2.  The selected variables 41 
were then entered into a standard least squares multiple regression model.  Statistics for the full model are provided for each 42 
month as well. 43 
  March April May June 
Variables slope R² p-value slope R² p-value slope R² p-value slope R² p-value 
whole model ... 0.32 0.014 ... 0.62 0.003 ... 0.70 <0.0001 ... 0.34 0.011 
building 1707 0.32 0.200 5080.6 0.05 0.129 -35040 0.12 0.022 ... ... ... 
natural habitat ... ... ... 223.34 0.09 0.059 ... ... ... ... ... ... 
water ... ... ... -1889 0.08 0.099 -7280 0.21 0.001 -2900 0.05 0.127 
corn ... ... ... 634.04 0.10 0.099 ... ... ... -404 0.05 0.116 
cotton ... ... ... ... … … -610 0.05 0.054 -322 0.07 0.096 
sorghum 83.87 0.27 0.008 -68.14 0.17 0.035 600.63 0.20 0.007 ... ... ... 
other crop ... ... ... -643.3 0.13 0.036 ... ... ... -410.6 0.09 0.037 
distance  ... ... ... ... … … -9.02 0.12 0.003 4.63 0.08 0.086 
  July August September 
   
whole model ... 0.67 <0.0001 ... 0.58 <0.0001 ... 0.48 <0.0001 
   
building ... ... ... ... ... ... ... ... ... 
   
natural habitat 304.6 0.35 <0.0001 464.47 0.54 <0.0001 236.79 0.31 <0.001 
   
water -2144 0.05 0.004 ... ... ... ... ... ... 
   
corn -627.9 0.13 0.000 -315 0.04 0.104 -659.9 0.14 0.005 
   
cotton -233.7 0.05 0.003 ... ... ... -147.8 0.03 0.130 
   
sorghum ... ... ... ... ... ... ... ... ... 
   
other crop -403.6 0.04 0.021 ... ... ... ... ... ... 
   
distance  3.82 0.05 0.018 ... ... ... ... ... ... 
    44 
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Table 9  Summary of results from regressions looking for a spatial relationship between bat 45 
activity index among sites, averaged across each month during the sampling period, and the 46 
proportion of natural habitat.  July, August, and September all showed a positive, significant 47 
relationship between bat activity index and natural habitat. 48 
Bat 
activity 
index Proportion of Natural Habitat 
  R² p Parameter Estimate Mean Square df 
March 0.13 0.28 -43.24 1597.95 10 
April 0.02 0.67 -62.82 1380.07 9 
May 0.10 0.38 -258.64 48838.40 9 
June 0.03 0.54 90.96 7755.60 13 
July 0.50 0.003* 404.55 211875.00 14 
August 0.52 0.01* 425 140911.00 10 
September 0.62 0.004* 320.07 79921.66 10 
October 0.004 0.83 30.62 801.50 11 
November 0.53 0.27 -34.20 112.43 3 
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Table 10  Summary of results from pairwise correlations looking for a spatial relationship 50 
between bat activity index and moth counts among sites, averaged across each month during 51 
the sampling period.  Only in July was there a significant, but negative co-variance between bat 52 
activity index and moth counts. 53 
Bat 
activity 
index Moth Counts 
  ρ P df 
March -0.43 0.19 10 
April 0.2 0.57 9 
May 0.12 0.75 9 
June -0.03 0.92 13 
July -0.54 0.04* 14 
August -0.29 0.38 10 
September -0.48 0.14 10 
 54 





Figure 1  Study area within the Winter Garden region in Texas including Uvalde, Frio, Zavala, 
and Medina counties.  Fifteen study sites are dispersed within the study area.  Winter Garden 








Figure 2  ArcGIS map of the study area within the Winter Garden region in TX, including four 
counties (Uvalde, Medina, Zavala, and Frio) showing the fifteen bat detection sites spread 
across the region.  Around each of the sites, three concentric „buffer‟ zones are defined with an 
area of ½ km, 1 km, and 2 km radii. Fifteen study sites are marked by circles.  Three large 
Brazilian free-tailed bat colonies, Frio Cave, Ney Cave, and Seco Creek Bridge, are located 







Figure 3  Set-up of Anabat II bat detector unit.  The microphone on top of the PVC pole in a 
protective PVC casing; the Anabat II detector and ZCAIM recording device in the Tupperware 







Figure 4  Close-up of Sabinal site in ArcGIS – one of the fifteen bat detection sites within the 
Winter Garden region.  At the center of the circle is the Anabat II bat detector.  The orange circle 
defines the ½ km radius buffer zone, the blue circle is the 1 km buffer zone, and the gray circle 
is the 2 km buffer zone.  Each area within the 2 km radius of the bat detector is a separate 
polygon feature in ArcGIS and is defined as one of the seven habitat types.  For example, the 
two areas outlined in the top part of the circle are both crop fields while the lower area outlined 





Figure 5  Weekly averages of bat and moth activity averaged across all sites from March 
through November 2007.  Data show an increase to a peak in bat activity around mid to late 
summer, corresponding to the time when young bats begin to forage independently.  A 
decrease in activity is then seen as the bats migrate out of the region.  Moth captures are high 
during the late-spring into early-summer, corresponding to the time moths‟ migrate into the 
region and emerge from corn crops, and moth captures drop as the moths migrate northward 








Figure 6  Pairwise correlation testing for a co-variance between log bat activity index and log 
moth counts across time.  Each data point shows a mean of log bat activity index and log moth 
counts across all of the sampled sites for each week throughout the entire period.  A negative 
correlation exists between mean log bat activity index and mean log moth counts across the 








Figure 7  Pairwise correlation testing for a co-variance between log bat activity index and log 
moth counts during the early part of the season when moths are most abundant.  Each data 
point shows a mean of log bat activity index and log moth counts across all of the sampled sites 
for each week during weeks 8-19.  Mean log bat activity index and mean log moth counts do not 
significantly co-vary, but there is a near-significant positive correlation between them (p = 







Figure 8  Regressions looking for a spatial relationship between bat activity index among sites 
and the proportion of natural habitat, averaged across each month during the sampling period 
[July (R²=0.50, p=0.003), August (R²=0.52, p=0.01), and September (R²=0.62, p=0.004)].  A 
positive, significant relationship between bat activity index and natural habitat was observed 









Figure 9  Pairwise correlations looking for a spatial relationship between bat activity index and 
moth counts among sites, averaged across each month during the sampling period.  Between 
March and September, July was the only month in which there was a significant, but negative 








Figure 10  Pairwise correlation testing for a spatial relationship between the log moth counts by 
site, averaged across the entire sampling period, and the proportion of natural habitat.  Mean 
log moth counts and natural habitat show an overall negative co-variance with p=0.0418,  
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